Abstract-Wireless capsule endoscopy (WCE) was developed as a painless diagnostic tool for endoscopic examination of the gastrointestinal (GI) tract, but, to date, the low operating power of the capsule and the high data rate of the RF telemetry system are still key concerns. Innovative, novel solutions must be developed to address these concerns before WCE can be used extensively in clinical applications. In this paper, we propose a novel RF transmitter for WCE applications that only requires 1.5 V to transmit the required data as opposed to using a DC power supply. Our proposed, directconversion transmitter system consists of a current reuse oscillator, an envelope filter, and an L-section matching network. The oscillator is powered by the transmitting data which keep the oscillator in turned on and off for the transmitting 1 and 0 bit respectively and results in the on-off keying (OOK) of the modulated signal at the output of the oscillator. The rate of data transmission at the modulated signal is limited by the transient period of the oscillator start-up. When the start-up time of the oscillator is optimized, an OOK modulation rate of 100 Mb/s can be attained. In order to eliminate the oscillator decay noise, we used an envelope filter connected in series with the oscillator to filter out the decay part of the oscillation. Finally, the output impedance of the envelope filter is matched to the 50-Ω antenna with an L-section, low-pass, matching network to ensure maximum
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INTRODUCTION
Endoscopy is a system that makes it possible to conduct visual examinations inside the body for medical reasons. The development of ingestible wireless capsule endoscopy (WCE) [1] is viewed as a revolutionary advancement in gastrointestinal (GI) tract endoscopy. This emerging technique overcame the previous complexities associated with inspecting the entire small intestine, which is the most complex part of the GI tract and is unreachable by conventional probe endoscopy. However, the most important parameters of the capsule are its power consumption, image resolution, and the rate at which it can transmit images. Presently, reducing the capsule's power consumption and having it achieve a higher image-transmission rate are the key issues that stand in the way of more extensive applications of WCE in clinical settings. Thus, much of the ongoing research is focused on the development of telemetry systems that require less power and provide higher rates of data transmission of high resolution images [2, 3] .
The first clinical capsule, developed by Given Imaging, uses a transmitter chip produced by Zarlink Semiconductor, Inc. (Canada) that has a transmission capacity of 2.7 Mb/s, which can transmit 320 × 320 pixel images at a rate of 2 frames per second, and a power consumption of 5.2 mW [3] . Subsequently, many RF telemetry systems for WCE have been developed that reduced power consumption and improved the data transmission rate. Currently, the super-heterodyne architecture is the preferred choice for the RF transceiver due to its superior sensitivity, frequency stability, and selectivity. For WCE applications, a super-heterodyne transmitter and receiver have been implemented on a single chip in [4, 5] , and the transmitter consists of an on-chip voltage-controlled oscillator (VCO), an amplitude-shift keying (ASK) modulator, an up-converter, a 20-MHz intermediatefrequency (IF) phase-locked loop (PLL), and an radio frequency (RF) output buffer with an off-chip, crystal oscillator. The transmitter of the super-heterodyne architecture is optimized to an optimum power consumption of 14 mW because it consists of many building blocks, which results in increased power consumption. In order to accomplish the low power and high data rate requirements, the impulse radio ultrawide band (IR-UWB) [6] [7] [8] [9] technology is a candidate technology that potentially could meet the requirements of low power usage and high data transmission rate. A UWB-OOK system was developed in [7] , and it provided data transmission rates up to 10 Mbps, and it was capable of transmitting images with resolutions of 640×480 pixels at the rate of 2.5 frames/s. The use of the UWB technique in WCE is problematic because its high frequency carrier is attenuated significantly by the biological tissue that makes up the walls of the small intestine [10, 11] . The direct conversion transmitter architecture is the most popular in biomedical applications because of the simplicity of its circuitry and its low power consumption [7, [12] [13] [14] . Diao et al. proposed a direct conversion ASK transmitter that could attain a data transmission rate of 15 Mbps with a power consumption 7.2 mW. Kim et al. made a significant contribution to this field by developing a high-speed, highefficiency capsule endoscopy system [14] . The direct conversion RF transmitter of their system can transmit image data at the rate of 20 Mb/s while consuming DC power of less than 3 mW; the 20-Mbps channel can transmit images with resolutions of 640 × 480 at a rate of eight frames per second without compression. Clearly, the proposed telemetry systems for WCE are incapable of transmitting images at the rate of 30 frames per second.
Thus, in pursuit of the goal of providing a novel telemetry system for use in WCE that allows the rapid transmission of high-quality images but has a low power requirement, we propose a novel OOK RF transmitter that has a high data transmission rate. The important advantage of our proposed transmitter is that it can operate with power at the 1.5 V DC level and transmit data at the rate of 100 Mb/s.
DESIGN CONSIDERATION

Frequency Approach
The optimum selection of the frequency of the system improves its performance [15] [16] [17] . This selection is most important for WCE applications, because the frequency-dependent, dielectric properties of the human body are highly hostile to the propagation of RF signals [18, 19] . The attenuation of the power of the signal by the human body varies remarkably with the frequency [20] . Many different RF telemetry systems have been proposed in the literature for WCE with the arbitrary selection of frequencies without appropriate attention to the importance of the frequency, including a 2.4-GHz, high-data-rate transceiver [4] ; a low-power, 3-5-GHz, ultra-wideband transceiver [7] ; a 15-Mbps, 900-MHz ASK transmitter [13] ; a 0.5-GHz, high-speed, high-efficiency system [14] ; and a 1.4-GHz conformal, ingestible, capsule antenna [21] . In this regard, the IEEE 802.15.6 standard specifies a frequency band of 402-405 MHz for a wireless body area network (WBAN) [22] . But its 3-MHz channel is not sufficient for a high rate of data transmission in WCE applications. In the analysis of the characteristics of radiation in the range of 150 MHz to 1.2 GHz from inside the human body done by [23] , it was suggested that frequencies between 450 MHz and 900 MHz provided maximum radiation from the ingested RF source. Using the human body model [24] [25] [26] [27] [28] [29] in our previous work [10] , we conducted an extensive investigation of the variation of path loss in the human body in terms of system frequency and variation of the location of the capsule. A summary of the results of our investigation are shown in Figure 1 . Clearly, the relationship between path loss and frequency differs from region to region in the GI tract, but the average graph shows that the path loss was less significant beyond 500 MHz. Thus, we considered bandwidths between 400 and 500 MHz, i.e., about 450 MHz, to be the most suitable selection for a telemetry system to be used in WCE. 
System Approaches
The main challenges in designing an RF circuit for biomedical applications are minimizing the size and reducing the power requirement. There are several methods that can produce a low-power, RF circuit. In general, the entire power budget of the systems is dominated by the selection of the system architecture, the modulation scheme, and the optimization of the designs of the basic building blocks, such as VCO and matching networks. However, by combining several of these low-power designs, it is possible to achieve an ultralow power design. In this regard, several transmitter architectures are used commonly in RF systems, such as super-heterodyne, low IF, direct conversion, and zero-IF architectures. All of these architectures have advantages and disadvantages, but, considering the power required and the space required for circuit elements, direct conversion is a more attractive choice than super-heterodyne for use in an implantable medical RF device [30] . Considering the simplicity of the transmitter and receiver system, power consumption, receiver sensitivity, and the required bandwidth, on-off keying (OOK) is the most efficient modulation scheme. With this consideration, our proposed transmitter architecture is shown in Figure 2 . The different low-power approaches that were incorporated in this architecture are shown in Table 1 . The entire transmitter system contains three main basic building blocks, i.e., the oscillator, the envelop filter, and the output matching network. In our proposed system, the OOK modulation scheme was integrated into the simplified, current-reuse oscillator. The OOK transmitter consumed only 50% of the power consumed by a typical, frequency-shift keying (FSK) transmitter because power is required only for transmitting 1 bit; during 0-bit transmission, the transmitter does not consume any power. In addition, the simplified, current-reuse VCO scheme consumes power from a DC source only for one-half of its oscillation cycle; for the next half-cycle, it reuses its tank-discharging current. Used together, these two techniques (integrated OOK and current reuse VCO) reduce the power demand of our proposed transmitter to only 25% of the power required by a conventional RF transmitter. The power amplifier uses the most power of any component in the transmitter, so it was excluded from the architecture of the transmitter, while the peak-to-peak output voltage switching of the oscillator was optimized for sufficient output power.
CIRCUIT DESIGN
Oscillator Circuit
The oscillator core is shown in the left, dashed block of the proposed transmitter circuit in Figure 3 , where the stacking switches PMOS (M 1 ) and NMOS (M 2 ), connected in series with the LC tank, construct the simplified, current-reuse topology of the oscillator. The operation of the simplified, current-reuse, voltage-control oscillator (VCO) was discussed in detail in our previous work [31] . Although the values of L 1 and C 1 in the circuit of the LC tank conventionally can be determined by using Equation (1) , the values of L 1 and C 1 have a great impact on swings in the oscillator's output voltage, start-up transient time, and phase noise PN.
where, f is the frequency of oscillation. In order to obtain the optimum swings in the voltage, PN, and fast start-up time, it is recommended that the maximum possible value for L be chosen [32] . The PN of oscillator can be estimated using following equation.
where, A is the start-up safety factor, ω o is frequency of oscillation, ∆ω is the offset frequency, and V is the peak output amplitude. The losses across the tank circuit can be determine either by using the relation R L = Qω o L (where Q is the quality factor of the tank and is almost equal to the quality factor of L) or by AC simulation of the tank circuit. To initiate oscillation, the transconductance, G m , of the active device (stacking switch M 1 and M 2 ) must be greater than 1/R L . Therefore, the gate width (W ) and length (L) of the active devices can be adjusted by using Equation (3) .
where, µ p/n is the carrier's mobility of P-type/N-type material and C ox is the gate capacitance per unit area. Note that the trasnconductances of M 1 and M 2 are the same, which results in a better PN performance of the oscillator [32, 33] and requires the following design conditions:
These two equations refer to the ratio of the lengths of NMOS and PMOS, which is:
The length of the MOS transistor is set to the minimum allowed by the technology, which refers to the ratio of the width of PMOS to the width of NMOS, i.e.,
Due to the fact that the P-type material has lower carrier's mobility (µ p ) than the N-type material (µ n ), the gate width of M 1 is greater than that of M 2 , resulting in better PN performance.
Optimization of Start-up Time
The duration of the oscillator's start-up transient generally is not considered to be an important parameter because the oscillator operates continuously in most RF systems [34] . The duration of the start-up transient is of great interest to designers of impulse radio ultra-wideband (IR-UWB) transmitter systems [35, 36] . In order to analyze the delay in the oscillator's start up, the oscillator's response to a pulse input can be described as shown in Figure 4 , in which the different phases, the start-up period, the steady-state period, and the decay period are represented by t s−u, t s−s, and t d . In our proposed OOK transmitter, the oscillator is turned on and off by 1 bit and 0 bit, respectively. In order to transmit the data bits successfully, the oscillator must satisfy the condition t s−u P W . As the width of the pulse becomes shorter as the rate of data transmission increases, it becomes more and more difficult to reduce the start-up time. However, the start-up time can be reduced by a complex circuit that provides additional biasing current, but that requires additional power [37] . However, the matching gate capacitances of NMOS and PMOS of the active network and tank circuit optimization, neither of which requires additional circuits, can reduce the start-up time [37, 38] . The matching 
Envelop Filter
At high-speed transmission, the decay time of the oscillator is greater than the duration of 0 bit. Thus, remarkable power is added to 0 bit as a result of the decay of the oscillation. This unexpected power causes noise in the envelope signal, which can result in erroneous detection. In order to overcome this problem, an envelope filter (middle dashed box of Figure 3 ) designed with two series NMOS (M 3 and M 4 ) was used to eliminate the decay signal of the oscillator.
Matching Network
In order to minimize the loss due to reflection and to maximize transmission, matching networks were used between the two system blocks. These networks eliminated unwanted resistance for a range of frequencies. Due to the lower efficiency of the T and Π matching networks [39] , the L-section matching network is commonly used. The efficiency of the L-section matching network depends on the impedance transformation ratio, the quality factor of the lumped elements, and the optimum number of L-section stages. The impedance transformation ratio and the quality factor of the lumped elements are fixed by the system blocks to be matched and the used technology respectively. In this case the matching efficiency can be improved by using optimum number of L-section stages. The optimum number of stages can be obtained by using following the following formula [40] :
According to (6) , the single L-section, low-pass, high-to-low transformation, impedance matching network that we designed is shown in the last dashed box of Figure 3 , in which the values of the lumped elements C 2 and L 2 are determined by Equations (7) and (8) [41] :
RESULTS AND DISCUSSION
The entire transmitter system was simulated in advanced design system (ADS) using Taiwan Semiconductor Manufacturing Company (TSMC) 0.18-µm CMOS process. Throughout the design, the gate length of the MOS transistor that we used was 0.18 µm, which was the minimum length supported by the technology. In order to oscillate at a frequency of 450 MHz, L 1 and C 1 initially were set to 17 nH and 7 pF, respectively, by Equation (1). According to the Equation (4) the length of active devices (M 1 and M 2 ) W M 1 and W M 2 were set to 100 µm, and 70 µm respectively. With this design, the oscillator was simulated with 1.5 V DC and achieved the best PN, i.e., −137 dBc at 1 MHz offset ( Figure 5(a) ). Figure 5(b) shows the frequency spectrum of the oscillating signal, which has a power ratio of 10.887 dBm at the center frequency. Finally, the 1.5 V DC source was replaced by pulse data with a V-low of 0 V and a V-high of 1.5 V. The oscillator was operated at a frequency of 450 MHz for V-high and was kept off for V-low, which produced an OOK modulated signal. Figure 6 shows the OOK modulated signal at three different data transmission rates, i.e., 20 Mb/s, 40 Mb/s, and 100 Mb/s. Clearly, the figure shows that, as the data transmission rate increased, the initial bit missing increased beyond the rate 20 Mp/s because of the slow start-up time. At the higher data transmission rate, the duration of V-high was shorter than t s−u , which turned the oscillator off before it was fully operational. Therefore, an oscillator that starts up rapidly can achieve a high data transmission rate OOK signal without bit missing.
A complex, tail current-biasing circuit can reduce the start- up time significantly, but it increases power consumption and the complexity of the circuit. Rather than using tail current biasing circuit, we used two other techniques to reduce the delay in the startup of the oscillator, i.e., MOS transistor's capacitance matching and tank optimization. MOS transistor's capacitance matching requires redesigning the active network with Equation (5) to make the gate sizes equal. Since L M 1 and L M 2 are fixed at 0.18 µm, we set W M 1 and W M 2 at 100 µm, which reduced the start-up time from the 40 ns required in the previous design to 20 ns (Figure 7(a) ). Although, this redesign of the active network reduced the PN performance to −128 dBc, it was still acceptable for operation. In the optimization of the LC tank, the maximum possible L 1 value also reduced start-up delay, which also increased the peak-to-peak swings in the output voltage of the oscillator. The maximum supported L 1 value, i.e., 34 nH, required reducing the C 1 value from 7 pF to 3 pF, and that reduced the start-up time to 6 ns ( Figure 7(b) ). Figure 8 shows the output signal of the OOK-modulated oscillator at four different data transmission rates, i.e., 20 Mb/s, 40 Mb/s, 50 Mb/s, and 100 Mb/s. At the data transmission rate of 100 Mbps, the bit duration was 10 ns; therefore, the 6-ns start-up time was rapid enough to run the oscillator by pulse data at 100 Mb/s without any initial bit loss (Figure 8(d) ). However, at the higher data transmission rate, the decay period of the oscillator, t d , was greater than the bit duration (Figure 8(d) ), which made it more difficult to reconstruct data at the receiving end. The envelop filter was designed to overcome this problem, with the NMOSs being sized to 3/0.18 µm to minimize the losses of the envelop-filter circuit. The OOK signal after the envelop filter is shown in Figure 9 . The envelop filter attenuated the OOK modulated signal by 3 dBm. The spectra of the modulated signal at different data transmission rates are shown in Figure 10 . Although the spectrum power was reduced slightly at the higher data transmission rate, the spectrum power was approximately 5 dBm. When the carrier signal was turned on and off by the modulating signal in the OOK system, an additional frequency component is added to the carrier frequency, which increased the bandwidth of the system. This additional frequency component depended on the rate at which the carrier signal was turned on and off. Therefore, the higher the rate of on and off was, the higher the bandwidth of the transmitting signal became. However, the 1.5 V, V-high of pulse data was important because the overall performance of the transmitter was changed with the lower the V-high than the 1.5 V. The start-up time and peak-to-peak swings in the output voltage of the oscillator decreased as the voltage level of the data bit decreased which made the system unstable high data transmission rates and the oscillating frequency shifted to the upper scale as the voltage decreased. Table 2 shows the effect of voltage drop on the data bits. From Equation (6), a single-stage, L-section, impedance-matching circuit was used to match the 726 + j5 Ω-output impedance to the 50-Ω load. The simulated reflection coefficient of the matching network with 45 nH, L 2 , and 2.5 pF C 2 is shown in Figure 11 . At the centre frequency, the reflection coefficient was less than −35 dB. Frequency, GHz Reflection coefficient, dB Figure 11 . Reflection coefficient of matching network.
CONCLUSIONS
In this paper, we presented a novel, high-speed, 450-MHz, transmitter system for WCE applications. The proposed transmitter eliminates the complicated building block and the external components that use excessive power. The transmitter system was optimized with various low-power techniques and by considering the path losses that occur in the human body. Our optimized transmitter can operate with only 25% of the power required by a conventional transmitter, so it can be operated by 1.5 V pulse data. The oscillator has a rapid start-up time of only 6 ns, which is sufficient for operating the transmitter at a data transmission rate of 100 Mbps. The maximum swing in the peak-to-peak voltage of the oscillator resulted in an output power of almost 5 dBm. The entire system was simulated in a 0.18-µm CMOS process. The proposed transmitter is highly suited for the highresolution images and high transmission rates required for successful use in WCE applications.
